Nanometre distance measurements by pulsed electron−electron double resonance (PELDOR) spectroscopy have become an increasingly important tool in structural biology. The theoretical underpinning of the experiment is well defined for systems containing two nitroxide spin-labels (spin pairs); however, recently experiments have been reported on homo-oligomeric membrane proteins consisting of up to eight spin-labelled monomers. We have explored the theory behind these systems by examining model systems based on multiple spins arranged in rotationally symmetric polygons. The results demonstrate that with a rising number of spins within the test molecule, increasingly strong distortions appear in distance distributions obtained from an analysis based on the simple spin pair approach. These distortions are significant over a range of system sizes and remain so even when random errors are introduced into the symmetry of the model. We present an alternative approach to the extraction of distances on such systems based on a minimisation that properly treats multi-spin correlations. We demonstrate the utility of this approach on a spin-labelled mutant of the heptameric Mechanosensitive Channel of Small Conductance of E. coli.
Introduction
Distance measurements by pulsed dipolar electron paramagnetic resonance (EPR) spectroscopy are a standard tool for generating distance constraints for structural modelling. The pulsed electron−electron double resonance (PELDOR or DEER for double electron−electron resonance) [1, 2] method is increasingly applied to determine long-range distances [3, 4] . Developments in commercial hardware, standardisation of pulse sequences [5] and readily accessible data analysis programs [6, 7] have fuelled its widespread adoption.
A straightforward approach for using PELDOR is to covalently attach two nitroxide spin-labels (probes) to a macromolecule and measure the spin-spin distance. It is also possible to use singly labelled components of a system that forms oligomers. One of the major advantages of the method is that the probes are small (introduce limited perturbation) and since diamagnetic proteins are EPR silent, it allows the study of systems of tremendous size and complexity. The distance extraction is free from assumption about the system under investigation [6] , thus unbiased structural constraints can be obtained. The characterisation of structural models for docking proteins or characterising a structural transition [8] by measuring a few well-chosen distances by PELDOR is very powerful [9] . Applications include synthetic model systems [5, 10] , soluble proteins * Corresponding author. Email: beb2@st-andrews.ac.uk [11] and nucleic acids [12] . Recent advances have included membrane proteins [9] , even though the local concentration of spins can pose a problem in phospholipid vesicle membranes [13, 14] and care has to be taken when interpreting the data from detergent-solubilised samples [15] . In addition to the inter-spin distance, the number of coupled spin-labels [2, 16] , their relative orientation [17] and a potential exchange interaction [10, 18] can be determined, yielding additional information. PELDOR has been applied on transient radicals [19] , paramagnetic metal ions [20] , spin-bearing clusters [21] and various possible pairs thereof [22] .
PELDOR actually measures frequency modulations in the time domain and Tikhonov regularisation methods are commonly used to obtain the most appropriate distance distribution solution. This approach has been demonstrated to be reliable and robust [23] for spin pairs. The underpinning assumptions ignore some factors such as size-restriction effects [15] and effects caused by the presence of more than two spins in a molecule [24] . Other factors, including incomplete spin-labelling in multiply labelled samples and distributions of molecules not homogeneous in three dimensions [14] can introduce additional uncertainties in data analysis. An obvious concern is that if these factors are significant in an experiment, the derived distance distribution may be misleading.
Here we focus on multi-spin effects in rotationally symmetric oligomeric membrane protein systems. These often have challenging spectroscopic parameters that hamper acquisition of high-quality data, especially in samples reconstituted into phospholipid vesicle membranes. Furthermore, the multi-spin effects present in oligomeric systems violate assumptions of the theory underlying the gold standard of data analysis: Tikhonov regularisation in the DEERAnalysis package [6] , which uses a kernel function, explicitly written for a two-spin system (henceforth simply abbreviated TR). Thus, multi-spin systems are a special case formally beyond the scope of TR and, thus, the distance distributions generated should be used with caution. Approximating these systems as biradicals has given satisfactory results for the shortest distance present in the system (the vector from one molecule to its immediate neighbour) [25, 26] . It has been shown [24] that multiply labelled systems will modulate with the product of the dipolar frequencies of all possible pairs. This leads to sum and difference frequencies that are currently ignored. A second feature that directly arises from the symmetry is correlations between distance vectors (in a rotationally symmetric system all vectors are mathematically related) that might enhance certain sum and difference frequencies while diminishing others. Even though PELDOR has been applied to homo-oligomers up to heptamers [26] and octamers [25] the only system in which these effects have been quantitatively considered is the tetrameric potassium channel KcsA [13] . However, the problem has been addressed in studies of the homo-trimeric sodium-coupled aspartate transporter [27] . Very recently, a promising approach for suppressing multiple spin artefacts by power-scaling the experimental data has been introduced and validated for up to five spins per molecule [28] .
We now semi-quantitatively establish the significance of error introduced by the common practice of treating symmetric homo-oligomers as spin pairs. Secondly, we evaluate fitting experimental data using a reduced geometric model whilst retaining the multi-spin effects and symmetry correlations. Finally, we apply our new approach to data inversion with real data.
Multi-spin correlations in PELDOR
The underlying physical theory of PELDOR has been described in detail [2, 3, 29] . The following considerations focus entirely on rationalising the origin and theoretical treatment of multi-spin effects in systems bearing more than two spin labels. It is important to note that in all the following we assume the high-field, secular and point-dipole approximations to be valid and the electron-electron exchange interaction to be negligible. In addition, we approximate random mutual orientations between all possible pairs of spin-labels and thus diminish the effects of orientation selection for our simulated PELDOR data.
In a disordered powder sample the dipolar coupling between two spins will be determined by the spin-spin distance r and the angle θ between the distance vector and the external magnetic field:
where g A and g B are the g values of the two coupled spins and are approximated to be isotropic, μ 0 is the vacuum permeability, μ B is the Bohr magneton, is the Planck constant divided by 2π . The PELDOR signal V(t) between two coupled spins can now be written straightforwardly as:
where λ is the fraction of B-spins inverted by the second frequency pulse. If we, furthermore, introduce powder averaging to take the random orientations of molecules in frozen solutions into account and consider the PELDOR signal of a system with more than two spins (i.e. n spins) as being the product of signals of the individual spin pairs we will arrive at the general form of the intra-molecular signal [16] :
The multiplication of dipolar frequencies in systems with more than two spins will lead to sum and difference frequencies, which in turn cause the dipolar spectrum to deviate from a superposition of Pake patterns [24] . This directly influences or even invalidates all data analysis approaches assuming the time domain signal to be a linear combination of spin pairs. An expansion of Equation (3) allows one to group the frequency contributions of the signal into pairs that oscillate with a single frequency and into triples, quadruples etc. that oscillate with a product of frequencies. While the absolute modulation depth will contain pair and multi-spin contributions:
the coefficient of the pair contribution is described by [7] :
where the first factor of the right-hand side of Equation (5) is the respective binomial coefficient. The k-spin contribution oscillating with the product of k − 1 frequencies is given generally by:
where the first factor of the right-hand side of Equation (6) is the respective binomial coefficient. Each of those k-spin contributions will have a maximum at:
Following Equation (7), the two-spin contribution will have a maximum at λ = 1/(n − 1). For a biradical this yields maximum two-spin contribution at λ = 1 while for an eightfold labelled system this maximum will be at λ = 1/7. Upon a further increase of λ the two-spin contribution will decrease. This implies that an upper limit of λ exists if data is to be analysed by TR [7] . It is important to note that Equation (6) implies that the ratio between the desired twospin contribution and the unwanted multi-spin contributions will increasingly favour the former upon the reduction of λ (for details see supporting information). However, the reduction of λ will result in reduced dipolar modulation, thus for the rigorous use of TR a compromise must be reached between a reasonable modulation depth, to provide a good modulation-to-noise ratio, but suppressing significant contribution from the unwanted multi-spin effects. The choice of the smallest suitable λ for data analysis using TR is not trivial. Thus, one approach is to reduce the multi-spin correlations by a reduction of λ experimentally. This is currently under investigation and will be reported in due course. In contrast to the TR as implemented in DeerAnalysis, which ignores multi-spin effects, the use of a structural model allows one to explicitly forward calculate data under retention of product terms and mutual orientations of distance vectors. In the following section we describe such a model for homo-oligomers assuming rotational symmetry.
Definition of the model
In a reductionist approach we approximate the spinlabel positions of quantitatively labelled, symmetric homooligomers of axis order n (n-mers) as being the vertex positions of the corresponding regular convex polygon (n-gon). Given the high symmetry of these systems (D nh ), all spinspin distance vectors and their angular correlations are defined by n and the diameter (d) of the circle upon which the points sit. The inner angle α of the polygon is defined by Equation (8):
In combination with d, Equation (8) uniquely defines the spin distances between all vertices:
with r 1i being the distance from the first vertex to the ith vertex.
In a polygon of even n a set of n/2 − 1 distances r 1i will be twofold degenerate while the longest distance (from position 1 to i = n/2 + 1) will be non-degenerate. In the case of odd n a set of (n − 1)/2 distances r 1i will be twofold degenerate. Thus, only a total of n/2 or (n − 1)/2 individual r 1i distances for even or odd n, respectively, need to be considered. Even though these well-defined distance ratios might be useful for restraining the distance distribution expected from the system under study [30] , the implications of the model of regular convex n-gons go well beyond this. The orientations of the distance vectors and thus, their dipolar frequencies will be strongly correlated. All distance vectors will be lying in the plane of the polygon. In addition, n-gons with even n will have n/2 pairs of r 12 -vectors being parallel in space and several other similarly obvious correlations can be constructed. Therefore, we chose here to explicitly calculate the vertex positions determining the distance vectors from those. This has the advantage of straightforward introduction of disorder into the model by simply displacing vertex positions. If, for convenience, we place the origin of the coordinate system on the symmetry axis within the plane of the n-gon and place the first vertex at the point [0, d/2] the two-dimensional coordinates of the vertex positions for the n vertices (v i ) will be given by:
(10) The only two parameters defining the spin-label positions in Equation (10) are n (via Equation (8)) and d. This allows the straightforward calculation of the PELDOR time trace according to Equation (3) retaining multi-spin effects and correlations between distance vectors.
Materials and methods
For the calculation of n-mers with n ranging from 3 to 8 the vertex positions have been calculated according to Equation (10) and displaced in a random direction in the polygon plane to achieve a Gaussian distribution of positions with a standard deviation σ that is given with the corresponding simulation. Corresponding to pulse excitations achievable in nitroxide-labelled samples at X-band frequencies, λ has been set between 0.4 and 0.5 unless explicitly stated otherwise and d between 3 and 9 nm have been tested. A low pass filter previously found to improve simulations has been used to treat the limited excitation of large dipolar couplings during data fitting [31] . To avoid (n − 1) nested loops necessary for the calculation of the powder average of the polygon time trace via Equation (3), we have chosen to perform Monte Carlo simulations allowing n random vertex displacements and a random orientation of the magnetic field vector in each trial. For simulations each time trace consists of 10,000 Monte Carlo trials while for fitting procedures 5000 trials were found to yield sufficient results for n up to 8. During all simulations the individual distances of the model were used for generating a 'true' distance distribution. From this 'true' distance distribution a second time trace has been calculated which deliberately neglects all multi-spin correlations for representation of the hypothetical case of irrelevant multi-spin effects. This latter trace has been scaled to match the modulation depth of the originally simulated time trace. Visual inspection of the time trace, including multi-spin correlations and the artificial pair contribution trace already gives an estimate of the magnitude of deviations that is confirmed by calculating the RMSD (root mean square deviation) between distance distributions by TR and the 'true' distribution. All simulations have been performed assuming quantitative spin labelling. All time traces underwent TR in DeerAnalysis2011 with the regularisation parameter chosen by the L-curve criterion. All distance distributions have been normalised on maximum intensity.
Selected simulations and experimental PELDOR time traces obtained on a spin labelled mutant (S147C) of the Mechanosensitive Ion Channel of Small Conductance (MscS) of E. coli have been fitted by constructing the vertex positions according to Equation (10) and minimising the deviation between simulation and experiment (note that experiment in the first case means Monte Carlo simulation of a regular convex polygon). Experimental data on MscS has been reported [26] and fitted in DeerAnalysis2011 [6] . We refit the data with retention of the modulation depth information and parameters n, σ , λ, d applying the lowpass filter. We assume 100% efficiency of labelling where the multi-spin effects are most pronounced as the problem approximately scales with λ times labelling efficiency. The model function is available from the authors upon request.
Results and discussion
A diameter of 5 nm was chosen for initial simulations and vertices were displaced to yield a standard deviation of 0.1 nm in the polygon plane. From these coordinates the time traces have been calculated according to Equation (3) (denoted 'multi-spin' trace). The actual distance distribution arising from these coordinates was calculated in real space (denoted 'true' distribution). From this distance distribution a second time trace has been calculated neglecting all multi-spin terms of Equation (3) prior to rescaling to meet the modulation depth governed by Equation (4) (denoted as 'spin pairs'). Thus, the 'multi-spin' trace contains all effects caused by the presence of multiple spins in one molecule, while the 'spin pairs' trace has them eliminated. The 'spin pairs' trace is valid for analysis by TR and all deviations between distance distributions generated from the 'spin pairs' and the 'multi-spin' time traces are entirely due to multi-spin effects. The initial exploration of the time domain traces is depicted in Figure 1 . An increasing loss of visible modulation in the 'multi-spin' traces as compared to the 'spin pairs' traces becomes evident when increasing n from equilateral triangle to octagon. While the 'multi-spin' modulation merely seems damped for the triangle and square, low frequencies appear to vanish from the pentagon onwards. In the case of the octagon only a hump very early in the time trace is left while all other frequencies have been damped, nicely illustrating the extreme impact that multi-spin effects can have on the data analysis.
These qualitative findings are quantitatively confirmed when the data is inverted to the distance domain. We have subjected both 'multi-spin' and 'spin pair' traces to TR in DeerAnalysis to generate distance distributions that were superimposed with the 'true' distributions and the respective RMSD is given in Table 1 .
The trend clearly shows that the deviations between 'true' and 'spin pair' only moderately increase with n. Those between the 'true' and the 'multi-spin' distributions are already worse for the triangle and increase even more severely with n. This behaviour is also found by visual inspection (Figure 1) . While the triangular 'multi-spin' simulations yield a set of low amplitude distance peaks which seem to be easily assigned artefacts or 'ghost peaks' from data processing, the square and pentagon already display excessively broadened r 12 distance peaks while r 13 is diminished in amplitude. From hexagon to octagon the shortest distance obtained from the 'multi-spin' simulation is significantly broadened and its mean at times slightly shifted while all other distances are diminished so far that they cannot be recovered from the artefact peaks unequivocally. The data inversion on the 'spin pairs' time traces reproduces the 'true' distributions highly accurately. We attribute this to the fact that we have created a best-case scenario for TR. The main experimental uncertainties of thermal noise and background correction are absent from this data, as are errors arising from the truncation of time domain data (simulated data has a length of 6 μs allowing us to observe a full modulation for distances of slightly over 6 nm). This emphasises even more the severity of the distortions of distance distributions obtained without due consideration of multi-spin effects.
We have explored the influence of the size of the circumference for different orders of rotational symmetry. To resemble feasible experimental parameters we chose λ = 0.4 (instead of λ = 0.5 for the initial exploration in Figure 1 ) for all following simulations and truncated the time traces at 5 μs length. A lower limit on diameters d of 4 nm occurs because smaller polygons give rise to very short vectors (particularly for higherorder rotational axis) beyond the scope of PELDOR.
Diameters above 7 nm lead to significant truncation of dipolar modulations. Within these limits, we observe excellent agreement with data in Figure 1 , while smaller and larger polygons (d < 4 nm and d > 7 nm, respectively) agree qualitatively (see supporting information). We suggest that the preservation of our central observation on the effect of multiple spins has eliminated polygon size, symmetry order or an unreasonably high λ as possible causes of the distortion. Thus, the question arises whether the broadening of the shortest distance is significant in systems that already exhibit significantly broader distance peaks caused by structural heterogeneity. We constructed tests of different symmetry (n = 3 to 8) and a fixed diameter of 6 nm but with the vertices displaced randomly by standard deviations of 2%, 5% and 10% of the diameter (i.e. 0.12, 0.3 and 0.6 nm). Figure 2 demonstrates that for the range of heterogeneities tested the multi-spin effects lead in all cases to detectable broadening of the distance distributions. Monte Carlo noise present in the 'true' distribution with the largest vertex displacement has no impact on the quantitative results. The time domain data reveals that intrinsic broad distance distributions suffer less from these artefacts. However, in trying to extract the highest quality distance distributions, these results indicate that broadening by multi-spin effects cannot be neglected even in the presence of broad intrinsic distributions. Figure 3 displays the effects of symmetry imperfection for a heptagon model. At increasing displacements the distance distributions obtained from the 'spin pair' time trace increasingly deviate from the 'true' distance distribution. This is tentatively attributed to the less pronounced modulation in the time trace in addition to slight truncation of dipolar modulations. It can be seen that the medium distance peak in these distributions splits and that the long distance peak is artificially narrowed, while the ratio of the integral distance peaks appears to remain constant. This seems to indicate per se limitations of TR of complex distance distributions and is currently under investigation. However, even considering the emerging disagreement between 'spin pair' and 'true' distributions the deviations of the 'multi-spin' distance distributions remain much more severe. In addition to substantial broadening of the short distance peak, the longer distances have lost most of their intensity making these distributions very unreliable to interpret.
These results clearly show that neglect of multi-spin effects leads to considerable distortion of distance distributions, especially in systems exceeding four spins. This makes analysis of longer distances especially those originating from higher-order vectors (r 13 , r 14 etc.) difficult. The potential for erroneous interpretation is high. Some existing studies have focused only on the shorter r 12 vectors, which are much less sensitive to these problems, but at the cost of throwing away information contained in the data [25, 26] .
Fitting of a model polygon
In an alternative approach to data analysis we have chosen to explicitly forward calculate our data based on the polygon model and to extract structural parameters by minimisation of the deviation between simulation and experiment. Several initial tests have shown that the simultaneous fitting of several parameters was less stable, especially with increasing n. From the behaviour of the fit routine we detect multiple local minima, while the dampening of modulation in 'multi-spin' simulations of heptagons and octagons suggests a very shallow global minimum. Thus, we chose to approach the minimisation from initial simulations for achieving reasonable agreement by visual inspection and optimising d and σ iteratively or simultaneously from this starting point. As the function is defined by n, d, σ , λ, labelling degree and the low-pass filter for suppression of large dipolar frequencies, we emphasise here, that only the optimisations of d and σ have been tested. All other parameters are accessible from different experiments or assumptions and their optimisation is beyond the scope of this approach (attempts to minimise by calculation results in severely under-determined functions).
In an initial test of the feasibility of the approach we have taken simulated data on an octagon with d = 6 nm, λ = 0.4 and varying standard deviation of vertex displacement of 0.12, 0.3 and 0.6 nm. The 'multi-spin' traces of these simulations are fitted to the same mathematical model they were initially simulated with (although good agreement between the 'true' distribution and its fit is expected it validates the approach) .
Best fit results in Figure 4 have been obtained by least square fitting of d and σ . Monte Carlo noise visible in 'true' and 'fit' distance distributions of larger σ have been found not to affect the fit stability, but can be reduced for cosmetic reasons by increasing the number of Monte Carlo trials. In all three cases the agreement of 'true' distribution and its fit by far surpasses the quality of TR as judged by the eye. Interestingly all three fits slightly underestimate d that we attribute to the effects of the truncation of the time trace which would under-penalise deviations in low frequencies caused by long distances and to the use of the low-pass filter suppressing of large dipolar frequencies during the fit.
For further demonstration of the usefulness of this approach we have subjected data obtained on a spin-labelled mutant (S147C) of the MscS of E. coli [26] to this fitting procedure assuming the heptameric protein to have heptagonal symmetry. The results in Figure 5 demonstrate a slightly worse agreement between time traces from the minimised heptagon model and the experiment compared to the time trace from TR. If, however, the distance domain data is examined the value of this new approach becomes evident immediately. Even though we find a slight underestimation of the polygon diameter, as before, the distance distribution obtained by fitting a polygon model is by far closer to the rotamer model based on the crystal structure [32] than the distance distribution obtained by TR, which neglects multi-spin correlations. An increased reliability in the extraction of multiple distances of rotationally symmetric homo-oligomers may prove valuable to identify multiple functional states present or to characterise structural flexibility. Thus, we are convinced we have satisfactorily demonstrated the need and feasibility of alternative data analysis approaches for PELDOR measurements in spinlabelled homo-oligomers.
Conclusion
In PELDOR measurements on systems with more than two spins multi-spin correlations arise that can hamper data analysis. For symmetric homo-oligomeric systems that can be approximated by regular convex polygons this results in a broadening of the distance distribution, an occasional shifting of distance peaks and a substantial loss of intensity of the distance peaks of all but the shortest distance. Simulations neglecting multi-spin correlations can introduce error. The approach of forward calculation of PEL-DOR data yields consistently superior results for model systems. Crucially, and in contrast to the established methods, this new approach allows reliable extraction of all three non-degenerate distances from experimental data on a heptameric membrane protein.
